As a key element in the cytoskeleton, actin filaments are highly dynamic structures that constantly sustain forces. However, the fundamental question of how force regulates actin dynamics is unclear. Using atomic force microscopy force-clamp experiments, we show that tensile force regulates G-actin/G-actin and G-actin/F-actin dissociation kinetics by prolonging bond lifetimes (catch bonds) at a low force range and by shortening bond lifetimes (slip bonds) beyond a threshold. Steered molecular dynamics simulations reveal force-induced formation of new interactions that include a lysine 113(K113):glutamic acid 195 (E195) salt bridge between actin subunits, thus suggesting a molecular basis for actin catch-slip bonds. This structural mechanism is supported by the suppression of the catch bonds by the single-residue replacements K113 to serine (K113S) and E195 to serine (E195S) on yeast actin. These results demonstrate and provide a structural explanation for actin catchslip bonds, which may provide a mechanoregulatory mechanism to control cell functions by regulating the depolymerization kinetics of force-bearing actin filaments throughout the cytoskeleton.
As a key element in the cytoskeleton, actin filaments are highly dynamic structures that constantly sustain forces. However, the fundamental question of how force regulates actin dynamics is unclear. Using atomic force microscopy force-clamp experiments, we show that tensile force regulates G-actin/G-actin and G-actin/F-actin dissociation kinetics by prolonging bond lifetimes (catch bonds) at a low force range and by shortening bond lifetimes (slip bonds) beyond a threshold. Steered molecular dynamics simulations reveal force-induced formation of new interactions that include a lysine 113(K113):glutamic acid 195 (E195) salt bridge between actin subunits, thus suggesting a molecular basis for actin catch-slip bonds. This structural mechanism is supported by the suppression of the catch bonds by the single-residue replacements K113 to serine (K113S) and E195 to serine (E195S) on yeast actin. These results demonstrate and provide a structural explanation for actin catchslip bonds, which may provide a mechanoregulatory mechanism to control cell functions by regulating the depolymerization kinetics of force-bearing actin filaments throughout the cytoskeleton.
single-molecule force spectroscopy | mechanotransduction | mechanosensing | nemaline myopathy T he actin cytoskeleton, primarily a force-bearing structure, controls the morphology, motility, and adhesion of the cell (1) (2) (3) (4) . Its core filamentous component, assembled from actin monomers via noncovalent interactions (5) , undergoes rapid and controlled polymerization and depolymerization, allowing the dynamic reorganization of the actin cytoskeleton (1, 2) .
In cells, this dynamic process can be modulated by forces, and this is crucial to mechanosensitivity, mechanotransduction, and cellular adaptations to mechanical stresses (3, (6) (7) (8) . For example, the assembly, stabilization, and reorganization of the actin stress fiber and the focal adhesion, where actin filaments constantly sustain tension, are induced by externally applied forces (9-12) dependent on myosin-generated contractility (4, 8, 13, 14) and sensitive to substrate rigidity (3, 15, 16) . These observations led us to investigate the molecular mechanism by which actin dynamics are regulated by force.
The force-regulated kinetics of several molecular interactions important to adhesion and force-bearing functions of cells are governed by catch-slip bonds, in which the interaction is stabilized by tensile force in a low range and destabilized when force exceeds a threshold (17) (18) (19) (20) (21) (22) . Various mechanisms, such as the allosteric model based on intramolecular conformational change under forces (23, 24) and the sliding-rebinding model based on force-induced formation of new interactions due to intermolecular interface sliding (18, 25) , have been proposed to provide structural explanations for catch-slip bonds in different molecular interactions.
Here we use atomic force microscopy (AFM) force-clamp experiments to determine how force regulates the off-rate of actin depolymerization and to elucidate the structural mechanism by a combination of steered molecular dynamics (SMD) simulations and yeast actin mutagenesis studies.
Results
Force-Dependent Bond Lifetimes of Actin Subunit Interactions. To study force-regulated actin dissociation kinetics at the single-bond level, we used biotin/streptavidin coupling to functionalize the AFM (Fig. 1A) . The cantilever tip was coated with actin monomers and the polystyrene surface was coated with monomeric ( Fig. 1A , Left) or filamentous (Fig. 1A, Right) actin for studying G-actin/G-actin or G-actin/F-actin interactions, respectively. The tip was driven close to the surface (10-20 and 20-35 nm for G-actin/G-actin and G-actin/F-actin interactions, respectively) and held for 0.5 s to allow bond formation, retracted to pull on the bond, and then held stationary for measurements of bond lifetime at a constant force (Fig. 1B and Fig. S1 ).
A tension-free zone (TFZ) was characteristic of the force-scan traces of G-actin/F-actin interactions (Fig. 1B, Right and Fig. S1 ), but not of G-actin/G-actin interactions (Fig. 1B, Left and Fig. S1 ) or nonspecific binding controls. A TFZ has been observed in interactions between lengthy molecules because they need to be fully extended before they can resist any tensile forces (26, 27) . In G-actin/F-actin interactions, the TFZ is interpreted as a period (and length of displacement) during which the G-actin/F-actin bond is formed but the F-actin filament is not fully extended (Fig.  1B, Right) . It is terminated by detecting a tether force on the G-actin/F-actin bond presumably due to full extension of a segment of filament between the cantilever tip and the biotin-streptavidin anchoring site. This interpretation of TFZ is supported by data that show that the length distribution of TFZ is left-shifted when the ratio of biotinylated actin/unmodified actin used to prepare the F-actin is increased to reduce the average length of F-actin segments free of biotinylated actin (Fig. S2) . Using TFZ to select and group data allowed us to confirm the binding specificity for G-actin/F-actin interactions and to obtain better and more uniformly oriented G-actin/F-actin bonds for lifetime measurement under tension. With a sufficiently long TFZ, the tether force must be applied along the axial direction of the extended segment of the actin filament; therefore, the bond lifetime is measured when the G-actin/F-actin bond is stressed in a proper orientation.
Binding was specific to the actin/actin interaction as its frequency was suppressed by coating the cantilever tip with BSA instead of G-actin, by using G-buffer instead of F-buffer (see Methods for the buffer contents) as the working buffer, or by adding 20 μM latrunculin A to prevent actin/actin interactions (Fig. 1C) .
Lifetimes of the serial bonds (in which an actin-actin bond was sandwiched between biotin/streptavidin bonds) were determined by time-to-dissociation of the actin/actin bond, not the biotin/ streptavidin bond, because the biotin/streptavidin bond alone lasted several hundred-fold longer (Fig. 1D) . For G-actin/F-actin interactions, the actin/actin serial bonds most likely dissociated at the end, not in the middle of the F-actin, as stretching an F-actin segment from the middle via biotin/streptavidin coupling yielded lifetimes 10-to 100-fold longer than those of G-actin/ F-actin interactions (Fig. S3) . Also, rupture in the middle of an actin filament requires a force an order of magnitude higher than the force applied in our experiments (28) .
Force Regulates Actin Subunit Dissociation Kinetics by Catch-Slip Bonds. The G-actin/G-actin bond lifetime exhibited a biphasic catch-slip force dependence. It had a "catch" region characterized by increasing lifetimes as force increased, with a maximum of 0.63 s at 10 pN, followed by a "slip" region within which the lifetimes decreased as force further increased (Fig. 2A) .
G-actin/F-actin interactions also formed catch-slip bonds that were qualitatively similar to, but quantitatively different from, those of G-actin/G-actin interactions (Fig. 2B ). Their maximum lifetime was 0.96 s [for data with TFZ = 50-100 nm, with ∼15-30 actin monomer subunits (5)] at 20 pN, and their lifetime was indifferent to the TFZ length (Fig. S4) . The catch-slip phenotype does not result from premature dissociation of a partially formed actin bond due to lack of nucleotide hydrolysis because forcedependent lifetimes measured from bonds formed in 0.5-and 10-s contacts were indistinguishable (Fig. S5 ). The latter period should be sufficient for the conversion of a newly added ATP-actin to ADP-actin (1).
The bond survival probabilities at various force bins for G-actin/ G-actin and G-actin/F-actin interactions decreased exponentially with increasing lifetime, as shown in semilog plots ( Fig. 2 C and D) . Such single exponential lifetime distributions suggest first-order Representative force traces for G-actin/G-actin (Left, cyan) and G-actin/F-actin (Right, blue) interactions illustrating bond lifetime measurements at clamped forces. The piezoelectric translator (PZT) (displacements of which are depicted as red traces) brought the cantilever tip close to the surface to allow bond formation, was retracted to pull on the bond, and then was held stationary to allow lifetime measurement at a constant force until rupture, signified by a drop of force to the baseline. A tension-free zone (TFZ, indicated)-i.e., a delay time (and displacement) from the onset of PZT retraction to the onset of force increasewas observed in G-actin/F-actin interactions but not in G-actin/G-actin interactions. As depicted, TFZ is interpreted as time (and displacement) required for the F-actin to be picked up and realigned along the direction of cantilever retraction until it was fully extended and stretched. (C ) Binding frequencies of G-actin/G-actin (Left, red) or G-actin/F-actin (Right, red) interactions were significantly (P < 0.001) higher than those of the following respective controls that prevented actin/actin interactions: replacing G-actin by BSA (black), dissociation kinetics from respective homogeneous states. Therefore, the dissociation rate constant (k off ) at each force bin can be estimated from the reciprocal mean lifetime. At the smallest force measured (2.5 pN), the off-rates of G-actin/G-actin and G-actin/F-actin interactions were 3.6 s −1 ( Fig. 2A ) and 2.5 s −1 (Fig. 2B) , respectively. The latter value is of the same order of magnitude as the previously reported off-rates at the ends of actin filaments (1). However, as the first measured off-rate for G-actin/ G-actin interactions under force in a surface-based assay system, the former value is much smaller than the k off of actin dimers predicted by theoretical simulation with force-free solution-based assumptions (29) .
CapZ and Tmod3 Isolate the Polar Activity in G-Actin/F-Actin
Interactions. F-actin is a polar molecule, and the barbed end has faster kinetics than the pointed end. It is likely that the two ends contribute to the G-actin/F-actin bond lifetime measurements differently. To isolate the activity of each end, we repeated the measurements in the presence of chicken actin capping protein muscle Z-line (CapZ) or tropomodulin3 (Tmod3) in solution, which specifically block actin filament turnover at the barbed or pointed end, respectively (30, 31) (Fig. 3A) . Blocking the pointed end with Tmod3 lowered the binding frequency to 13%, whereas capping at the barbed end with CapZ reduced the G-actin/F-actin binding frequency from 18 to 8% (Fig. 3B , dark-gray and blue bars). In either situation, the measured lifetimes were largely mediated by specific G-actin/F-actin interactions, as binding frequencies were further diminished by conditions preventing these interactions (Fig. 3B, cyan and light-gray bars) . Adding CapZ and Tmod3 together reduced the binding frequency to the level of nonspecific binding (3-4%), indicating complete blockade of both ends (Fig. 3B, green bar) . This result suggests that G-actin binding to the filament side, if any, was undetectable compared with binding to the ends. The force-dependent lifetimes of G-actin bonds with the pointed and barbed ends of F-actin exhibited qualitatively similar catchslip behaviors (Fig. 3C) , with the slip bond portions being indistinguishable. Lifetimes at low forces in the catch bond regime were longer with CapZ than Tmod3; this result is consistent with previous studies showing that the barbed end has a faster k off than the pointed end in the force-free experiment (1).
SMD-Simulated Force-Induced Formation of New Interactions Between
Actin Subunits. To elucidate the structural mechanism of actin catchslip bonds, we used SMD simulations to study force-induced actin dimer dissociation and actin filament depolymerization, by pulling, respectively, the subunits within an actin dimer apart and the ends of an actin 14-mer filament along its axial direction (Fig. 4) .
For the actin dimer dissociation, simulations were performed with long-pitch (parallel, intrastrand) and short-pitch (antiparallel, interstrand) actin dimers, which were charged with either ATP or ADP. Pulling caused a relative sliding, enabling the formation of new interactions that tightened the binding between two interacting actin subunits (Fig. 4 A and B) . For example, in the long-pitch dimer, a salt bridge formed between arginine (Arg)39 of the constrained G-actin and aspartic acid 286 of the pulled G-actin (Fig. 4 A and E). In the short-pitch dimer, salt bridges were observed to form between K113:E195 and Arg62:glutamic acid (Glu)270 (Fig. 4  B and F) .
For F-actin depolymerization, simulations were performed by pulling the terminal actin monomer subunit of an actin 14-mer filament at either the barbed or pointed end while constraining the two actin subunits at the other end. In either case, the pullinginduced dissociation occurred at the G-actin/F-actin interface of the pulled end, but not at the middle of the filament. This further supports the assertion that in AFM experiments (Fig. 1A, Right) the lifetimes for G-actin/F-actin interactions corresponded to time-to-dissociation of the terminal actin monomer from the end of the filament.
Pulling-induced new interactions were also observed for actin filament depolymerization. For example, when pulling was applied to the barbed end, a salt bridge between E195 of the pulled actin subunit and the K113 of the neighboring interstrand subunit in the constrained filament was observed (Fig. 4 C and G) . When pulling was applied to the pointed end, formation of two interstrand salt bridges (K113:E195 and E270:R39) was observed (Fig. 4 D and H) .
Similar qualitative features were observed in simulations with actin subunits charged with ATP and ADP. New interactions were not observed in control simulations without the applied pulling force. No significant global conformational change in the actin subunits was observed during the pulling process (Fig. S6) .
The sliding-rebinding model, based on previous SMD simulations of selectin/ligand (25) and glycoprotein Ibα/von Willebrand factor A1 domain (18) dissociations with results similar to the present observations, has been proposed to explain the catch bonds of these systems. This model may apply to actin subunit interactions. At low forces, the actin/actin bond can dissociate directly without forming any new interactions. Increasing force tilts the orientation of the interacting actins to allow sliding along their interface and induces the formation of new, strong interactions, which prolong the overall bond lifetime and give rise to catch bonds.
The pulling-induced formation of the K113:E195 salt bridge between interacting actin subunits was observed in the simulations for the short-pitch actin dimer dissociation and in those for the actin filament depolymerization at both barbed and pointed ends, suggesting the importance of this pair of residues in the structural basis of actin catch-slip bonds.
Yeast Actin Point Mutations K113S and E195S Suppress Actin CatchSlip Bonds. Because both K113 and E195 are conserved in rabbit skeletal muscle and yeast actins, we used the yeast actin mutants K113S and E195S to assess the importance of the K113:E195 ionic interaction in the formation of actin catch-slip bonds. The catch-slip phenotype similar to that of muscle actin was observed in the interaction of the wild-type yeast actin (WYA) monomer with either WYA monomer or muscle actin monomer (compare Figs. 2A and 5A ). This observation indicates that the catch-slip phenotype is indifferent to the 13% sequence differences between rabbit skeletal muscle and yeast actins. Therefore, results obtained from the genetically mutable yeast actin regarding G-actin/G-actin catch-slip bonds may be generalized to other systems such as rabbit skeletal muscle actin.
Substituting the neutral residue Ser for the cationic residue K113 (Fig. 5B and Fig. S7A ) or the anionic residue E195 (Fig. 5C and Fig. S7B ) similarly suppressed the G-actin/G-actin catch-slip bonds. The suppression was more prominent with the mutation of either K113S or E195S on both interacting G-actins than just one G-actin (Fig. 5 B and C) . However, mutations of both K113S and E195S, with one on each of the two interacting G-actins, did not lead to greater suppression than that observed with only one mutation on either of the two interacting G-actins (Fig. S7) . This finding suggests that the suppressive effect of mutating Lys113 or Glu195 on the G-actin/G-actin catch-slip bond resulted from elimination of the ionic interaction between these two residues.
The catch-slip bonds between the WYA monomer and skeletal muscle F-actin were quantitatively similar to those between the skeletal muscle G-actin and F-actin (compare Figs. 2B and 5D) , again justifying the use of a mixed-species system in the study of G-actin/F-actin catch-slip bonds.
The G-actin/F-actin catch-slip bonds were similarly suppressed by the K113S or E195S mutations on the interacting yeast actin monomer (Fig. 5 E and F) . For the K113S mutation, the suppression was exacerbated by CapZ and diminished by Tmod3 (Fig. 5E ). For the E195 mutation, the suppression was exacerbated by Tmod3 and diminished by of CapZ (Fig. 5F ). These findings are consistent with the polarity of F-actin in which residue 113 or 195 of the newly added monomer is accessible to only the F-actin barbed or pointed end, respectively. Together with the SMD simulations (Fig. 4) , these results support the sliding-rebinding model (25) as a structural mechanism for actin catch-slip bonds in which the force-induced Lys113:Glu195 ionic interaction plays an important role.
Discussion
Actin filaments are the major force-bearing structures in the cytoskeleton and are highly dynamic. The actin filaments in stress fibers constantly sustain tensile force at focal adhesions and may undergo polymerization and depolymerization (32) (33) (34) (35) . Although rupture of actin filaments under tension (28) and the growth of an actin network under compression (36) have been studied, the effects of tensile force on actin depolymerization have not been investigated. The present work fills this gap by studying an in vitro model for the disassembly of the actin nucleus and the depolymerization of the actin filament under tensile force. Depolymerization of the terminal actin subunit from the filament tip involves the dissociation of two G-actin/G-actin bonds (intrastrand long-pitch and interstrand short-pitch) arranged in parallel (5) . This can be modeled by assuming that each component G-actin/G-actin bond at the G-actin/F-actin interface sustains half of the force applied to stretch the actin filament. This model is supported by the rightward and upward shifts of the lifetime versus force curve of the G-actin/F-actin interaction relative to that of the G-actin/G-actin interaction (compare Fig. 2 A and B) . This is similar to the previously reported shifts in the lifetime versus force curve of dimeric interactions relative to that of monomeric interaction between P-selectin and its ligand (17) .
The qualitative similarity of catch-slip bonds at the barbed and pointed ends of the actin filament (Fig. 3C) suggests that a common structural mechanism dominates the catch-slip phenotype at both ends. Among the residue pairs shown in our SMD simulations (Fig. 4) to form ionic bridges upon pulling, the K113:E195 ionic interaction was consistently observed at both ends (Fig. 4 C  and D) . Eliminating this interaction using actin mutants greatly suppressed catch-slip bonds at both ends ( Fig. 5 E and F) , experimentally confirming that the force-induced K113:E195 ionic interaction is a common mechanism.
The catch-bond regime where G-actin/F-actin interaction is stabilized by force (≤20 pN) corresponds to the estimated range of tensile forces physiologically sustained by a single actin filament, as summarized in Table S1 . Thus, catch bonds may explain the tension-induced assembly and stabilization of the actin cytoskeleton (4, 8, 10, (12) (13) (14) and the fact that actin stress fibers are more developed in cells plated on rigid substrates than in cells plated on soft substrates (3, 15, 16) . As F-actin likely bears intracellular forces transmitted across adhesion complexes from the extracellular matrix, the force-dependent actin depolymerization kinetics may contribute to mechanosensing by the cell (3, (37) (38) (39) . Moreover, actin catch bonds could form a feedback mechanism controlling the length of F-actin in stress fibers where actin filaments constantly sustain tensions, as decreasing the length of the anchored F-actin could increase tension, which in turn would inhibit actin depolymerization, thus inducing filament growth to restore the length.
Actin catch-slip bonds could be important from a pathological standpoint. Key residues observed in our SMD simulations to be involved in the formation of actin catch-slip bonds (Fig. 4) are related to nemaline myopathy mutations in the human actin gene ACTA1 (40) (41) (42) . These residues include R39, K113, E270, and D286. Among them, in particular, K113 has been verified experimentally to be a key residue contributing to the catch-slip bonds by forming a salt bridge with E195 upon pulling (Figs. 4 and 5) . These results suggest that actin catch-slip bonds are important to the physiological function of actin.
Our study investigates the force dependence of actin dynamics at the single-bond level and suggests a possible mechanosensing mechanism for the force regulation of actin cytoskeleton dynamics.
Methods
AFM Force-Clamp Experiments. Our custom-made AFM and force-clamped experimental procedures for measuring lifetimes of single bonds have been previously described (17, 18, 20) . To functionalize the AFM for G-actin/ G-actin interactions (Fig. 1A, Left) , the cantilever tip and the polystyrene dish surface were incubated with 2 mg/mL biotinylated BSA (Sigma Aldrich) at 4°C overnight, washed three times with PBS, and incubated with 1 mg/mL streptavidin (Sigma Aldrich) for 1 h at room temperature. After being washed three times with G-buffer (5 mM Tris·HCl, pH 8.0, 0.2 mM CaCl 2 , 0.2 mM ATP, 0.5 mM DTT), the cantilever tip and the polystyrene dish surface were incubated at 4°C for 1 h with 1 μM biotinylated G-actin in G-buffer containing 0.00025% biotin to achieve the low G-actin coating density required for single-bond measurements. For G-actin/F-actin interactions (Fig.  1A, Right) , the cantilever tip was functionalized in the same way, but the polystyrene surface was functionalized with sonicated F-actin instead of actin monomer. To prepare the sonicated F-actin, 4 μM of G-actin (biotinylated actin:nonmodified actin = 1:20 unless otherwise stated) was incubated in F-buffer (G-buffer + 50 mM KCl, 2 mM MgCl 2 , 1 mM ATP) for 15 min at room temperature and then sonicated for 1 min (5 s on, 5 s off), followed by two more cycles of 15-min incubation + 1-min sonication (Branson 1510). After the last sonication, the F-actin was immediately applied to the biotin/streptavidin-treated polystyrene surface with 0.00025% biotin. To measure interactions between actins, the G-buffer was replaced with F buffer containing 0.00025% biotin to block any nonsaturated binding sites of streptavidin. To measure biotin/streptavidin interactions (Fig. 1A,  Center) , only the polystyrene surface was further incubated with streptavidin after absorption with biotinylated BSA, and the working solution was F-buffer without soluble biotin.
The AFM was functionalized with an appropriate actin density to maintain a low binding frequency of ∼20% (Fig. 1C) to ensure ≥89% probability of single-bond formation as predicted by Poisson statistics (43) . Only single-step dissociations were analyzed, to ensure that the lifetimes measured were time-to-dissociation of single bonds.
SMD Simulations. The models for long-and short-pitch actin dimers and actin 14-mer filaments charged with ADP or ATP were constructed by using a recently developed F-actin model (44) as a template and taking the relevant G-actin structures into account (5, 45) . The constructed models were equilibrated and the final structures were used for SMD simulations. In the simulations for the actin dimer, the C α atom of a surface Lys residue of one actin monomer was harmonically constrained and a similar atom on the other monomer was pulled. For the simulations of the actin filament, the actin monomer subunit at the barbed or pointed end was pulled while the two subunits at the other end were constrained.
Similar to other SMD studies and limited by computational resources, the simulations here were performed under much larger forces and a much shorter timescale (18, 46, 47) . Therefore, the SMD results should be interpreted only qualitatively rather than quantitatively by directly comparing the times and forces between simulations and experiments.
All methods are detailed in SI Methods.
